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Abstract
We determined the feeding rates, trophic effect, and growth efficiencies of natural assemblages of metazoan
microplankton from a coastal site in the northwest (NW) Mediterranean over a seasonal cycle in laboratory
incubations. Micrometazoans, i.e., multicellular heterotrophic plankters between 20 and 200 mm, were mainly
constituted by invertebrate larval stages. Copepod nauplii and copepodites dominated the community, except in
April, when polychaete larvae dominated. We analyzed the grazing pressure of micrometazoans on chlorophyll a
(Chl a; total and . 10 mm), nanoflagellates, phototrophic nanoflagellates, dinoflagellates, diatoms, and ciliates.
Micrometazoans grazed on all the prey groups, with carbon-specific ingestion rates ranging from 0.31 to 1.24 d21.
The gross growth efficiencies for the entire metazoan microplankton community, calculated as the slope of the
linear regression relating specific growth rates vs. specific ingestion rates, varied between 0.27 and 0.39. The
respiratory carbon losses of micrometazoans depended on temperature and ranged from 0.16 to 0.36 d21, with a
Q10 5 2. The average net growth efficiency, 0.41, was independent of temperature and food availability. Overall
micrometazoans have higher specific growth rates than, but similar food conversion efficiencies to,
mesozooplankton. The grazing effect on the standing stock of the different prey was , 1% d21 for Chl a
(total and . 10 mm) and , 2.5% d21 for the other studied prey, which seems insufficient to exert relevant control
on phytoplankton and protozoan dynamics. The inclusion of micrometazoans did not change appreciably our
current view of the role of metazooplankton in marine trophic webs of NW Mediterranean coastal waters.
Historically, research on zooplankton has focused on the
study of the large size fractions (. 200 mm, mesozoo-
plankton; Sieburth et al. 1978), whereas the smaller
zooplankters (, 200 mm) have received less attention
(Paffenho¨fer 1998; Gallienne and Robins 2001; Turner
2004). It was not until the establishment of the dilution
technique in 1982 (Landry and Hassett 1982) that the role
of microzooplankton sensu lato was acknowledged, and
nowadays, there is little doubt microzooplankton occupy a
key position in marine food webs as major consumers of
primary production (Calbet and Landry 2004), and as an
important link between low and high trophic levels of the
food web (Calbet and Saiz 2005).
The grazing activity of microzooplankton on primary
producers as assessed by the dilution technique (Landry
and Hassett 1982) provides an estimation of the trophic
effect of the entire microzooplankton community (both
metazoans and protozoans), but cannot assess the relative
contribution of its different components. Although proto-
zoans dominate the microzooplankton, small metazoans,
represented mainly by copepod nauplii, copepodites,
rotifers, and meroplanktonic larvae, may become impor-
tant contributors to the microzooplankton (Beers and
Stewart 1970; Paffenho¨fer 1998). The metazoan micro-
plankton are composed mostly of invertebrate develop-
mental stages whose dynamics are crucial to determine the
success of adult populations, and constitute a fundamental
trophic link for the recruitment of commercially important
fish species (Castonguay et al. 2008). Despite their
relevance, these small planktonic metazoans have been
underrepresented in oceanographic studies because of the
common use of . 200-mm mesh nets for metazooplankton
sampling (Calbet et al. 2001; Gallienne and Robins 2001).
However, recent investigations have documented the
importance of micrometazoans in terms of abundance,
biomass, and production in marine environments (Hop-
croft et al. 2001; Turner 2004; Zervoudaki et al. 2007).
Metazoan microplankton may feed efficiently on a wide
range of prey sizes, from nano- to microzooplankton (Uye
and Kasahara 1983) and their specific ingestion rates can
be three to four times higher than those of mesozooplank-
ton organisms (White and Roman 1992; Saiz and Calbet
2007). Therefore, these small metazoans may be important
intermediaries between the classical and microbial food
webs because of their small size, high abundance, and
ability to feed on small particles (Berggreen 1988; Turner
and Roff 1993). Data on metazoan microplankton feeding
on natural communities are scarce (White and Roman
1992; Merrell and Stoecker 1998; Calbet et al. 2009) and
most of the experimental studies of micrometazoan feeding
(both in oligotrophic and in more productive waters)
seldom address the trophic effect of the whole metazoan
microplankton community. The majority of studies include
single predator species feeding on laboratory-cultured
phytoplankton (Berggreen et al. 1988; Almeda et al. 2009,
2010b), thus precluding a rigorous extrapolation of the data
obtained to natural conditions and the correct evaluation
of the importance of metazoans in marine food webs.
In the present study we examined the trophic role of
metazoan microplankton in meso-oligotrophic coastal
waters along an annual cycle. The specific objectives of
the study were (1) to quantify the metazoan microplankton*Corresponding author: ralmeda@icm.csic.es
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abundance and composition in northwest (NW) Mediter-
ranean coastal waters along an annual cycle, (2) to
determine the feeding rates and trophic effect of the
metazoan microplankton community under different tro-
phic conditions, and (3) to assess the carbon budget of the
metazoan microplankton community in different seasons.
Methods
Field sampling—We conducted monthly experiments
throughout an annual cycle, from September 2005 to
September 2006, the samples being collected at a coastal
station in the NWMediterranean (1.5 km off Barcelona, 40-
m water-column depth). The water for the experiments was
collected at 5-m depth with 15-liter transparent hydrograph-
ic bottles, gently transferred to 40-liter carboys, and
transported to the laboratory within 2 h of collection. We
measured the light intensity at the depth of water collection
with a LI-COR radiation sensor (LI-193SA spherical
quantum sensor), and the salinity and the temperature with
an YSI 30 portable salinity and temperature meter.
The samples for metazooplankton abundance and
composition assessment were obtained by vertical tows
from near the bottom (, 38 m) to the surface using a
microplankton net (50-mm mesh, 36-cm diameter). After
the plankton net was washed, the contents of the cod end
sample were entirely poured into a 500-mL plastic bottle
and preserved in borax-buffered formaldehyde at 4% final
concentration.
The zooplankton for feeding experiments were collected
by slow-speed vertical tows using the same plankton net as
for the abundance quantification, but using a 10-liter
plastic bag as non-filtering cod end in order to minimize the
capture stress and to avoid physical damage of the
organisms. Once onboard, the plastic bags containing the
samples were tied without trapping air to avoid organisms
sticking to the air–water interface, and kept in an
isothermal container previously filled with water at in situ
temperature until our return to the laboratory.
Experimental design—We analyzed the grazing pressure
of micrometazoans on phytoplankton (Chl a) and on the
main components of the microbial planktonic community.
The experiments consisted of 24-h incubations of natural
seawater with added concentrated metazoan microplank-
ton (50–200 mm) as grazers. Once in the laboratory, natural
water was siphoned into a 50-liter bucket, mixed carefully,
and transferred sequentially using silicon tubing into acid-
washed 2.3-liter polycarbonate bottles. Zooplankton sam-
ples collected for experiments were carefully poured into a
container. The concentrate of plankton of size ranging
from 50 to 200 mm, composed mainly of micrometazoans,
was obtained by first reverse-filtration screening though a
200-mm-mesh sieve, and then removing the , 50-mm
fraction (Fig. 1). Aliquots of this concentrate were then
added to produce a concentration gradient in 2.3-liter
bottles of the whole (unfiltered) seawater (Table 1). We
added three different concentrations of the metazoan
microzooplankton concentrate to sets of four bottles (two
initial and two experimental), and we also prepared a set of
four extra bottles without predators (two initial and two
control). To avoid nutrient enrichment effects due to
zooplankton excretion in the grazing bottles, the experi-
mental water was amended with a nutrient mixture
(15 mmol L21 NH4Cl and 1 mmol L21 Na2HPO4). From
each initial bottle we took subsamples to determine the Chl
a concentration (total Chl a and Chl a . 10 mm) and the
abundance of the different components of the microbial
community (see Sample processing and calculations). We
should note here that each experimental concentration had
its own initials to account for the remains of phytoplankton
Table 1. Increasing concentrations of metazoan micro-
plankton (ind. L21) used in the experimental bottles. For each
concentration there were two replicates. Notice that only the
lowest density providing significant grazing was used for
calculations (see text and Table 3). Expts, experiments.
Expts Concentration (ind. L21)
Sep 05 40 81 162
Oct 05 515 1030 2061
Nov 05 107 213 426
Jan 06 227 454 908
Mar 06 — — 4750
Apr 06 511 1022 2043
May 06 267 534 1068
Jun 06 417 835 1670
Jul 06 941 1883 3765
Aug 06 534 1068 2136
Sep 06 197 395 790
Fig. 1. Schematic representation of the used methodology to
obtain the metazoan microzooplankton concentrate. (A) The
fraction , 200 mm was obtained by reverse filtration screening
through a 200-mm mesh sieve. (B) The fraction , 50 mm was
removed by reverse flow screening through a 50-mm mesh sieve.
(C) The result was a concentrate of plankton of size ranging from
50 to 200 mm that was composed mainly of micrometazoans.
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and protozoans within the 50–200 mm size fractions. The
prey concentrations in the experimental bottles were in the
same order of magnitude than in situ conditions, except in
March 2006 when it was one order of magnitude higher.
All bottles (except initials) were incubated at in situ
temperature in a large (600-liter) outdoor incubator with
open-circuit water running from the coastal seawater intake
at the Institut de Cie`ncies del Mar, Barcelona, Spain.
Natural sunlight was dimmed with appropriate neutral
plastic mesh to mimic the light intensity at 5-m depth,
usually between 33% and 50% of the irradiance at the
surface. To minimize the settling of algae, and to ensure the
homogeneity of the light conditions, we gently mixed the
bottles by repeatedly turning them upside down and
moving them around the incubator ca. three times per
day. After the incubation time (24 h), we took subsamples
to determine changes in prey abundance, and for the
experimental bottles we took an additional 1-liter sample to
determine the abundance, biomass, and growth rates of
micrometazoans during the incubation.
In some of the samplings respiration rates of micro-
metazoans were measured in parallel following the classical
incubation method (Omori and Ikeda 1984). Each exper-
iment consisted of three to six initial and final bottles with
the metazoan microplankton community concentrate
(experimental bottles) and three to six initial and control
bottles only with the fraction , 50 mm (Fig. 1). The
incubations were conducted in 65-mL Winkler bottles for
, 20 h. The biomass of micrometazoans in the experimen-
tal bottles ranged from 47 to 174 mg C bottle21 depending
on the experiment. The bottles were covered with
aluminum foil (dark conditions) and placed in the same
incubator as the feeding experiment bottles.
Sample processing and calculations—For the estimation
of metazoan microplankton abundance and composition,
net samples were divided into two nominal size fractions
(50–200 mm,. 200 mm) by filtering through a 200-mm sieve.
Two aliquots per fraction (at least 350 organisms per
aliquot) were counted under a stereomicroscope. For
biomass determination, the body length of at least 50
organisms randomly chosen was measured on digital
pictures made under a microscope (3100) using image
analysis software (ImageJH). The individual carbon weight
was calculated by applying body size–carbon content
relationships from the literature (Table 2).
The concentrations of total and . 10-mm Chl a were
determined by filtering from 75 to 300 mL and from 100 to
500 mL of water through GF/F Whatman and 10-mm pore
size polycarbonate Nuclepore filters, respectively. The
filters were frozen at 280uC and later analyzed fluorime-
trically after acetone extraction before and after acidifica-
tion according to Parsons et al. (1984).
The microbial components studied in the feeding experi-
ments included heterotrophic nanoflagellates (HNF), pho-
totrophic nanoflagellates (PNF), dinoflagellates, diatoms,
and ciliates. For nanoflagellates, 40–100-mL samples were
preserved in glutaraldehyde (1% final concentration),
filtered onto 2-mm pore size black polycarbonate mem-
brane filters, and stained with 49,6-diamidino-2-phenylin-
dole (5 mg mL21 final concentration) for 5 min (Porter and
Feig 1980). At least 200 cells were counted by epifluores-
cence microscopy and classified as auto- or heterotrophic
according to their fluorescence for chlorophyll. Fifty cells
were sized and converted into carbon using a conversion
factor of 0.22 pg C mm23 (Børsheim and Bratbak 1987).
To determine the concentration of dinoflagellates,
ciliates, and diatoms, 250-mL samples were fixed with 1%
acidic Lugol’s solution, and allowed to settle for 48 h in
100 mL Utermo¨hl chambers. The whole chamber for
ciliates and dinoflagellates, and at least 40 microscopic
fields (or 200 cells) for diatoms, were counted using an
inverted microscope (Nikon Diaphot 200) at 2003
magnification. Fifty randomly chosen cells for each group
were sized and converted into carbon using the conversion
factors of 0.19 and 0.053 pg C mm23 for oligotrich ciliates
(Putt and Stoecker 1989) and tintinnids (Verity and
Langdon 1984), respectively, and the equations of Men-
den-Deuer and Lessard (2000) for dinoflagellates (pg CDino
cell21 5 0.760 3 volume0.819) and diatoms (pg CDiat cell21
5 0.288 3 volume0.811). Because microplankton samples
were preserved with acidic Lugol’s solution, no distinction
between strict heterotrophs and auto- or mixotrophs was
made for ciliates and dinoflagellates.
The 1-liter subsamples for the estimation of microme-
tazoan abundance, biomass, and growth rates during the
experiments were concentrated onto a 37-mm sieve and
preserved in borax-buffered formaldehyde at 4% (final
Table 2. Equation coefficients used to calculate the carbon content for the different groups of micrometazoans as a function of
individual length (L). Biomass (mg C) 5 a 3 L (mm)b.
Organism Measurement a b Reference
Copepod nauplii Body length (without setae) 3.1831029 3.31 Berggreen et al. (1988)
Copepodites Length of prosome 1.1131028 2.92 Berggreen et al. (1988)
Polychaeta larvae Maximal length 1.5831024 1.38 Hansen (1999) as Polydora
Bivalvia larvae Maximal length 3.0631028 2.88 Fotel et al. (1999)
Gastropoda larvae Maximal length 2.3131025 2.05 Hansen and Ockelmann (1991)
Echinoderma larvae Maximal length 3.0631028 2.88 Fotel et al. (1999) as bivalve
Cirripedia nauplii Body length (without spine) 2.20310210 3.72 Turner et al. (2001)
Appendicularia Trunk length (without tail) 7.3331028 2.63 King (1980)
Rotifers Body length 1.0631027 2.74 Hansen et al. (1997)
Pteropoda Total length 3.0631028 2.88 Fotel et al. (1999) as bivalve
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concentration). Abundance, biomass, and composition of
experimental metazoan microplankton were estimated as
described above. Carbon-specific growth rates (G, d21) of
micrometazoans were determined for each experimental
bottle according to the equation
G~Ln(W2=W1)=t ð1Þ
where t is the duration of incubation (days) and W1 and W2
are the initial and final carbon content of the microme-
tazoans, respectively.
Clearance and ingestion rates on each size fraction of
Chl a and prey type were calculated using Frost’s (1972)
equations. We used the average biomass of predators
during the incubation to calculated specific feeding rates
(except for the September 2005 experiment, where we used
the initial biomass values because metazoan final samples
were not collected). From the three different metazoan
microplankton concentrations used in each feeding exper-
iment (Table 1), we took into account for further calcula-
tions only those that accomplished the following criteria:
the grazing was significant, i.e., the prey net growth rates in
grazing bottles were significantly lower than in the controls
(ANOVA, p , 0.05); and the reduction of food during the
incubation was the lowest, always , 40%. The larval
densities and experimental conditions of each experiment
are shown in Table 1.
The underestimation of micrometazoan grazing rates on
phytoplankton (Chl a) due to trophic interactions was
corrected according to Nejstgaard et al. (2001). Dilution
experiments (Landry and Hassett 1982) were conducted
simultaneously with the micrometazoan feeding experi-
ments and under similar incubation conditions. The
experimental details and results are reported in Calbet et
al. (2008). The correction factor (Kp) for the effects of
micrometazoan predation on phytoplankton (total Chl a
and Chl a . 10 mm) was derived according to the equations
(Nejstgaard et al., 2001)
gcorr,p~gmetazoan,pzKp ð2Þ
Kp~gprotozoan,p(C{C  =C) ð3Þ
C~(Ct{C0)Ln(Ct=C0)
{1 ð4Þ
C ~(Ct {C0)Ln(Ct  =C0){1 ð5Þ
where gcorr,p is the corrected micrometazoan grazing
coefficient on the prey p; gmetazoan,p is the uncorrected
micrometazoan grazing coefficient on the prey p calculated
according to Frost (1972); gprotozoan,p is the microzooplank-
ton grazing coefficient on the prey p determined from
simultaneous dilution experiments (Calbet et al. 2008); C
and C* are the average microzooplankton biomass (mg C
L21) in the control and grazing bottles, respectively; C0 is the
initial microzooplankton biomass; and Ct and Ct* are the
final concentrations of microzooplankton in the control and
in the grazing bottles, respectively. Because no distinction
between strict heterotrophs and auto- or mixotrophs
was made for microprotozoans, for the application of
Nejstgaard et al. (2001) equations we assumed that 50% of
the dinoflagellate biomass and 100% of the ciliate biomass
was heterotrophic (i.e., grazers).
We examined the relationships between ingestion rates
and food concentration (functional responses) for each
prey type and for total prey. To obtain the functional
responses, regression equations were fitted to the data
following standard least squares procedures (Sigma plot
software 9.0). The trophic effect by the metazoan micro-
zooplankton community for each prey type was calculated
as the percentage of biomass of the standing stock grazed
daily assuming a homogenous prey and predator distribu-
tion in the water column. We calculated the potential
trophic effect using the expected ingestion rates at the in
situ prey abundance according to the functional responses
obtained in this study.
Dissolved oxygen concentration was analyzed by Wink-
ler titration method using a Mettler Toledo DL50 Graphix
Titrator to determine the titration endpoint. Oxygen
consumption by micrometazoans was determined as the
difference between initial and final oxygen concentration
after the subtraction of the oxygen consumed in the control
bottles. Respiration rates were converted to carbon
demands using a respiration coefficient (RQ) of 0.97
(Omori and Ikeda 1984).
The gross growth efficiency (GGE, i.e., the efficiency by
which ingested feed is converted into body weight) was
calculated for each experiment as
GGE~G=I ð6Þ
the assimilation efficiency (AE, i.e., the percentage of
ingested food that is digested) was estimated as
AE~(GzR)=I ð7Þ
and the net growth efficiency (NGE; i.e., the percentage of
assimilated food converted into growth) was calculated as
NGE~G=(GzR) ð8Þ
where G, R, and I are the daily carbon-specific growth,
respiration, and ingestion rates, respectively.
In addition, GGE was also calculated as the slope of the
linear regression relating specific growth rates (d21) vs.
specific ingestion rates (d21).
Results
Planktonic community abundance and composition—Mi-
crometazoan abundance ranged from 2 to 33 individuals
(ind.) L21 (equivalent to , 0.13–2.02 mg C L21), with
maximum values in summer (Table 3). During the studied
period, copepod nauplii and copepodites were the domi-
nant components of metazoan microplankton, except for
April, when polychaete larvae were the most abundant
group (Fig. 2). In general, calanoid copepod nauplii and
copepodites dominated in abundance during spring and
winter, whereas oithonid nauplii and copepodites were
dominant in summer and quite abundant in autumn.
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We found highly contrasted situations during the study
in terms of plankton biomass and composition. The annual
cycle was characterized by the development of two
phytoplankton blooms in October 2005 and March 2006,
followed by a slow decline over the subsequent samplings
(Table 4). During spring and autumn, . 10-mm phyto-
plankton contributed to more than 40% of total phyto-
plankton biomass (chlorophyll), whereas the rest of the
Table 3. Experimental conditions and micrometazoans densities in nature (in situ) and in the feeding experiments (expts). T,
temperature; S, salinity; Biom., biomass; Abund., abundance. The experimental densities of micrometazoans correspond to those used for
the calculation of feeding rates according to the criteria described in the Methods section.
Expts Date T (uC) S
Abund. in situ
(ind. L21)
Biom. in situ
(mg C L21)
Abund. expts
(ind. L21)
Biom. expts
(mg C L21)
Sep 05 14 Sep 05 23.5 38.0 14.5 1.15 162 11.6
Oct 05 17 Oct 05 21.5 37.4 11.4 0.76 2061 119.2
Nov 05 29 Nov 05 16.1 38.2 2.0 0.13 426 31.6
Jan 06 18 Jan 06 13.0 38.3 14.5 1.19 227 17.2
Mar 06 15 Mar 06 12.5 38.2 4.2 0.32 4750 398.1
Apr 06 04 Apr 06 14.2 37.2 2.3 0.39 511 84.4
May 06 16 May 06 18.1 37.9 15.0 1.25 267 23.0
Jun 06 14 Jun 06 21.1 38.0 13.2 1.41 417 64.8
Jul 06 31 Jul 06 24.4 37.9 33.0 1.65 941 63.3
Aug 06 29 Aug 06 24.4 38.0 22.7 2.02 534 48.8
Sep 06 28 Sep 06 22.2 37.9 16.9 1.19 197 12.5
Fig. 2. In situ composition in (A) abundance and (B) carbon biomass of the metazoan
microzooplankton community along an annual cycle in the coastal NW Mediterranean.
Composition in (C) abundance and (D) carbon biomass of metazoan microzooplankton in the
different feeding experiments.
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year, but mainly in summer, , 10-mm phytoplankton
dominated the community (Table 4).
Nanoflagellates, mainly composed of flagellates between
2 and 5 mm in size, were the dominant component of the
microbial community during most of the year (. 50% of
total carbon; Table 4). The contribution of diatoms and
dinoflagellates to the total biomass was more important
during spring and autumn. Ciliate biomass was very
variable and ranged from 2% to 38% of the total microbial
biomass depending on the year period. Remarkable
features of plankton species composition were the blooms
of the colonial Phaeocystis sp. in March–April, the ciliate
Laboea sp. in April, the chain-forming diatoms Pseudo-
nitzschia sp. and Dactyliosolen fragilissimus in May, and
unidentified small dinoflagellates in June.
Feeding rates—The concentration and biomass of
metazoan microplankton used in the feeding experiments
were generally one order of magnitude higher than the one
in situ, except for the months with high Chl a concentration
(October and November 2005 and March and April 2006),
when they were two to three orders of magnitude higher
(Table 1). The composition of the metazoan microzoo-
plankton community used in the experiments was quite
similar to that of the in situ conditions in spite of the
screening process (Fig. 3).
The initial Chl a concentration in the experiments and
the clearance and ingestion rates of Chl a (total and .
10 mm), with and without applying Nejstgaard equations
correction, are shown in Fig. 3. Clearance rates were very
variable and, in general, negatively related to Chl a
concentration. Negative values of uncorrected clearance
and ingestion rates (represented as 0) were observed in
January and May 2006 (Fig. 3B,D). The corrected feeding
rates were from 1.01 to 6 times higher than the uncorrected
ones (mean 5 2.7) for total Chl a, and between 1 and 2.3
times higher (mean 5 1.2) for Chl a . 10 mm (Fig. 3).
Exceptionally high clearance rates were observed in
September 2005 (, 40 and 80 mL mg C21 d21 for Chl a
total and Chl a . 10 mm, respectively), the rates being
generally higher during the summer months. In most of the
experiments, the clearance rates of total Chl a did not differ
significantly from those of Chl a . 10 mm (ANOVA, p .
0.05), with the exception of some summer experiments
(Fig. 3C). Carbon-specific ingestion rates on chlorophyll
were highly variable, ranging from 0 to close to 60 ng Chl
mg C21d21. The maximum ingestion rate was found in
March 2006, coinciding with the highest Chl a concentra-
tion. The contribution of Chl a . 10 mm to the ingestion
was very variable, and ranged from 0% to 66% (mean 5
37%).
The initial total biomass and the relative contributions of
the different prey in the feeding experiments are shown in
Fig. 4A. Metazoan microplankton fed on all studied prey
(Fig. 4B). The specific clearance rates ranged from less than
1 to more than 80 mL mg C21 d21 depending on the feeding
experiment and prey type (Fig. 5). We found significant
differences (p , 0.05; ANOVA, Tukey test) for some prey
types within each experiment. Although in some cases more
than one prey was cleared at maximal rates, the highest
clearance rates were observed mainly on ciliates and HNF
(Fig. 5). Specific ingestion rates varied from , 0.3 to more
than 1.2 d21 (Fig. 4B). Although during summer nano-
flagellates were an important part of the diet, diatoms and
dinoflagellates were the main component during the rest of
the experiments. Ciliates contributed to a small fraction of
the diet (, 10%), except in the April 2006 experiment,
when they contributed more than 30% to the diet (Fig. 4B).
In most of the experiments we observed a positive
correlation between prey abundance and their relative
contribution to the micrometazoan diet (r2 5 0.51–0.99,
depending on the experiments).
Functional responses—The relationship between inges-
tion rates and food concentration for total Chl a, Chl a .
10 mm, diatoms, dinoflagellates, and total prey was well
described by the type II functional response model (Fig. 6).
On the contrary, the pattern of ingestion rates of HNF and
PHF seemed to be unrelated to food concentration
(Fig. 6C,D). The relationships between ingestion rates of
ciliates and their concentration appeared to be adequately
described by linear regression, without any apparent
saturation threshold within the concentrations of the study
(Fig. 6E). According to the obtained functional responses,
Table 4. Abundance (Abun., cells mL21) and biomass (Biom., mg C L21) of the different components of the natural microbial
community (nano- and microplankton) at 5-m depth. Chl a, total Chl a in mg L21; Chl a .10, Chl a .10 mm in mg L21; Dinoflag.,
dinoflagellates; TOT., total edible prey biomass in mg C L21.
Expts Chl a Chl a.10
HNF PNF Ciliates Dinoflag. Diatoms TOT.
Abun. Biom. Abun. Biom. Abun. Biom. Abun. Biom. Abun. Biom. Biom.
Sep 05 0.18 0.03 738 5.6 1238 6.44 1.6 2.78 2.4 2.00 6.3 0.77 17.59
Oct 05 1.54 0.69 714 3.5 2749 10.97 3.4 4.8 3.3 2.55 145.9 15.36 37.18
Nov 05 0.97 0.38 324 1.4 1143 4.11 2.5 1.09 1.2 1.18 38.0 7.38 15.16
Jan 06 0.47 0.09 914 10.9 1924 8.51 2.5 3.51 1.7 1.42 24.9 4.69 29.03
Mar 06 1.66 0.92 937 5.8 3460 27.31 1.5 1.17 3.0 3.59 154.2 19.16 57.03
Apr 06 1.13 0.59 612 5.4 1605 13.20 4.9 28.8 5.1 8.32 132.1 20.10 75.82
May 06 0.95 0.38 450 2.6 3497 15.05 2.4 3.35 3.1 0.98 1180.5 33.16 55.14
Jun 06 0.49 0.06 635 6.7 3657 21.01 3.8 5.26 21.2 11.07 24.0 2.22 46.26
Jul 06 0.39 0.08 1267 10.3 2857 9.80 3.1 2.14 3.3 2.04 131.0 12.52 36.8
Aug 06 0.31 0.03 648 2.8 2610 8.35 4.6 3.75 3.9 1.82 16.8 0.86 17.58
Sep 06 0.73 0.05 730 2.8 6728 12.36 8.2 10.65 5.1 5.01 31.4 1.43 32.25
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the maximum carbon-specific ingestion rates of chlorophyll
were 81 and 74 ng Chl mg C21 d21 for total Chl a and Chl a
. 10, respectively (Fig. 6A,B). Considering total prey, the
maximum specific ingestion rate was 1.09 d21 and feeding
saturation was reached at , 280 mg C L21 (Fig. 6H).
Trophic effect—The potential grazing pressure of meta-
zoan microplankton for each prey type, as percentage of
the standing stock removed daily, is shown in Table 5. The
mean grazing effect of metazoan microplankton was , 1%
for Chl a (total and . 10 mm) of standing stocks, with
values ranging from 0.1% to 1.7% for total Chl a and from
0.1% to 0.9% for Chl a . 10 mm. The trophic effect on the
standing stocks of nanoflagellates, ciliates, dinoflagellates,
and diatoms varied from 0% to 6.1% and was generally ,
4% (Table 5).
Carbon budget: growth, respiration, and growth efficien-
cies—Specific growth rates of the main components of the
metazoan microplankton community are shown in Table 6.
Specific growth rates of copepod nauplii and copepodites
ranged from 0.01 to 0.49 d21 and from 0.03 to 0.38 d21,
respectively (Table 6). Meroplanktonic larvae showed
specific growth rates significantly lower than nauplii and
Fig. 3. Feeding rates of metazoan microzooplankton on phytoplankton (Chl a total and .
10 mm). (A) Initial chlorophyll concentration in the feeding experiments, (B) clearance rates
without applying Nejstgaard equations correction, (C) uncorrected ingestion rates without
applying Nejstgaard equations correction, (D) corrected clearance rates applying Nejstgaard
equations correction, and (E) corrected ingestion rates applying Nejstgaard equations correction.
Bars represent SE.
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copepodites (two-way ANOVA, Tukey test, p , 0.05;
Table 6). Specific growth rates of total metazoan micro-
zooplankton community ranged from 0.02 to 0.40 d21
depending on the experiment (Table 7). Growth rates
followed a saturation curve model as a function of prey
concentration (Fig. 7), although the model is mostly driven
by the very high values. The GGEs, calculated specifically
for each experiment, were very variable and ranged from
0.06 to 0.38 (Table 7). GGE calculated as the slope of the
linear regression relating carbon-specific growth rates with
carbon-specific ingestion rates were 0.27 when all growth
data were considered (Fig. 8A) and 0.39 when only growth
rates of experiments dominated by copepod larvae were
included (Fig. 8B). Respiration rates ranged from 0.25 to
0.72 mL O2 mg C21 d21 and increased exponentially with
temperature (Fig. 9). These respiration rates were equiva-
lent to respiratory carbon losses of 0.16 and 0.36 d21,
respectively (Table 7). The Q10 value for the experimental
temperature range (13–24.4uC) was 2.0. In August 2006,
specific respiration rates exceeded ingestion rates and
efficiencies were not calculated (Table 7). Assimilation
efficiencies varied from 0.39 to 0.87, with the higher values
corresponding to higher temperatures (May and September
2006). NGE was quite similar for all experiments, with a
mean value of 0.41 (Table 7).
Discussion
Metazoan microplankton abundance and community
composition—Copepod developmental stages were the
dominant group of micrometazoans in agreement with
previous studies in most marine environments (Hopcroft et
al. 2001). The densities for the whole micrometazoan
community was in the same range reported for oligo- and
mesotrophic waters (Calbet et al. 2001), but lower than in
more productive areas (Lucˇic´ et al. 2003). During our
study, the abundance of copepod nauplii and copepodites
was not related to the phytoplankton blooms as observed
Fig. 4. (A) Initial contribution in biomass of potential prey (left axis) and total biomass of
potential prey (right axis) in the feeding experiments. (B) Contribution of the different prey to the
carbon-specific ingestion rates.
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in previous studies for mesozooplankton (Calbet et al.
1996). Conversely, polychaete larvae peaked during the
spring phytoplankton bloom, confirming the link between
phytoplankton blooms and the appearance of some
meroplanktonic larvae (Starr et al. 1990). For some benthic
species, phytoplankton blooms act as direct inductors of
the release of gametes or larvae by either direct contact
(settlement of phytoplankton particles) or chemical trig-
gering (Starr et al. 1990). Hence, besides other factors (e.g.,
temperature, predation), this benthic–pelagic coupling can
drive the patterns of some meroplanktonic larvae in coastal
waters.
Feeding rates—Clearance and ingestion rates of zoo-
plankton depend on many factors, such as body size, food
concentration, prey size, food quality, and temperature
(Berggreen et al. 1988; Almeda et al. 2009, 2010b). Carbon-
specific clearance and ingestion rates observed in this study
were in the range reported in the literature for metazoan
microplankton at similar food concentrations and temper-
atures (Uitto 1996; Roman and Gauzens 1997; Calbet et al.
2009) and for copepod nauplii in laboratory studies (Berg-
green et al. 1988; Henriksen et al. 2007; Almeda et al. 2010b).
It is important to note that feeding rates could be affected by
several potential sources of bias. For instance, bottle effects
and crowding (Peters and Downing 1984) and the lack of
turbulence during the incubations may result in lower
feeding rates than under natural conditions (Saiz et al.
2003). Nevertheless, predator biomass used in the feeding
experiments was in the range commonly used in incubation
experiments with larger zooplankton (Nejstgaard et al. 2001;
Broglio et al. 2004) Another source of error could be
inclusion of all nauplii stages as predators for the calculation
of feeding rates, because some calanoid nauplii start feeding
at naupliar stage II or III (Landry 1975).
The specific ingestion rates of metazoan microplankton
are expected to be higher than those of mesozooplankton
because commonly smaller organisms exhibit higher
specific feeding rates than larger ones (Saiz and Calbet
2007). However, in field conditions, previous studies report
both higher (White and Roman 1992; Roman and Gauzens
1997) and similar or lower (Lo´pez et al. 2007; Calbet et al.
2009) specific ingestion rates of metazoan microzooplank-
ton as compared to mesozooplankton at similar tempera-
ture. Aside from body size and temperature, this variability
may be caused by the influence of other factors on the
ingestion rates of metazoans, such as taxonomic composi-
tion (Henriksen et al. 2007; Almeda et al. 2010b) and food
availability (Saiz and Calbet 2007, 2010).
Diet composition—Metazooplankton, including plank-
tonic developmental stages, feed as omnivores, ingesting a
variety of autotrophic, heterotrophic, and detrital food
sources (Kleppel et al. 1988; Turner 2004). As occurs for
mesozooplankton (Broglio et al. 2004), metazoan micro-
plankton exhibited a diverse diet composition and were
able to switch between a preferably herbivorous diet to an
omnivorous one in response to the seasonal variation of the
available food items. The ability to use different food
sources (opportunistic feeders) may enhance the probabil-
ity of obtaining a nutritionally complete ration in variable,
dilute food environments (Kleppel 1993), thus increasing
the probability of the success of the population. It is
important to note that other food resources not considered
in this study (e.g., picoplankton, detritus) may also contri-
bute to the diet of metazoan microzooplankton. However,
although some copepod nauplii and meroplanktonic larvae
have been reported to feed upon bacteria (Turner and
Tester 1992), other studies demonstrated that free bacte-
rioplankton is too small to be efficiently ingested by most
copepod developmental stages (Uye and Kasahara 1983;
Berggreen et al. 1988).
The composition of the diet may depend on the taxo-
nomic composition of the micrometazoan community. As
Fig. 5. Weight-specific clearances of metazoan microzooplankton on the studied prey in the
different experiments.
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example, some ambush feeders, such as Oithona species,
including their naupliar stages, fed only on motile prey,
whereas many calanoid copepod species are suspension
feeders and can feed on a larger variety of prey (Henriksen
et al. 2007). Although for some copepod nauplii their
feeding niche coincides with that of adult stages (Conover
1982), copepod nauplii and meroplanktonic larvae usually
not only exhibit different food size spectra than mesozoo-
plankton (Turner and Roff 1993) but also have a different
diet and feeding selectivity (Poulet 1977). The dietary
differences between the different copepod developmental
stages would represent an advantage when food is scarce
Fig. 6. Relationships between ingestion rates and the concentration of the different prey: (A)
Total Chl a; (B) Chl a . 10 mm; (C) HNF; (D) PNF; (E) ciliates; (F) dinoflagellates; (G) diatoms;
(H) total prey. The lines correspond to the function fitted to the data. r2 5 coefficient of
determination. ns 5 not significant.
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because they reduce intraspecific competition. According to
the obtained data, metazoan microplankton exhibit high
clearance rates on small nanoplankton (, 2–5 mm), a size
fraction in which most mesozooplankton feed inefficiently
(Berggreen et al. 1988), with some exceptions like tunicates
and cladocerans (Atienza et al. 2006a). By feeding on
particles smaller than those edible by mesozooplankton,
micrometazoans drive microbial food web energy, usually
unavailable to larger metazoans, into the classical food
web, either by natural growth into larger stages and/or
through their subsequent ingestion by animals at higher
trophic levels (Hopcroft et al. 2001).
Our results showed that ciliates and HNF are frequent
components in the micrometazoan diet, corroborating the
relevance of the heterotrophic link between the microbial
food webs and the classical food chain (Calbet and Saiz
2005; Saiz and Calbet in press). Protozoans are considered
more nutritious and richer in nitrogen-containing com-
pounds than diatoms, and also they are a source of
essential lipids, not always available in phytoplankton, for
Table 5. Metazoan microplankton trophic effect (estimated as percentage of standing stock consumed daily) upon the different prey
along the seasonal cycle. Chl a, Total Chl a; Chl a .10, Chl a .10 mm; Dinoflag., dinoflagellates.
Expts Chl a Chl a.10 HNF PNF Ciliates Dinoflag. Diatoms
Sep 05 1.0 0.5 2.1 2.9 2.3 2.7 2.1
Oct 05 0.6 0.3 1.9 1.2 1.5 1.7 1.0
Nov 05 0.1 0.1 0.7 0.5 0.3 0.3 0.2
Jan 06 1.0 0.6 1.5 2.3 2.4 2.9 2.0
Mar 06 0.2 0.1 0.6 0.2 0.6 0.7 0.4
Apr 06 0.3 0.2 0.7 0.5 0.8 0.6 0.5
May 06 1.0 0.6 4.0 1.4 2.5 3.1 1.2
Jun 06 1.2 0.7 2.4 1.2 2.8 2.0 2.5
Jul 06 1.4 0.8 2.2 2.8 3.3 3.8 2.3
Aug 06 1.7 0.9 6.1 4.0 4.0 4.7 3.7
Sep 06 0.9 0.6 3.6 1.6 2.4 2.3 2.2
Table 6. Carbon-specific growth rates (G, d21 6 SE) of the main groups of metazoan microplankton in the feeding experiments.
Average carbon content (W, ng C ind21) during the incubation (stated as geometric mean between the initial and final carbon content) is
also provided.
Expts
Copepod nauplii Copepodites Meroplankton
G (d21) W (ng C ind.21) G (d21) W (ng C ind.21) G (d21) W (ng C ind.21)
Oct 05 0.3260.02 48.18 0.1960.07 129.17 0.0360.03 230.05
Nov 05 0.1760.07 53.51 0.1860.04 152.24 0.1560.03 92.14
Jan 06 0.0860.04 66.45 0.1360.05 156.42 0.1160.01 176.12
Mar 06 0.4960.06 55.68 0.3860.07 176.59 0.2660.06 199.14
Apr 06 0.3860.09 49.07 0.2960.14 254.80 0.1560.03 220.37
May 06 0.3060.05 66.07 0.2260.15 186.87 0.0360.02 198.70
Jun 06 0.1860.07 74.36 0.1660.09 187.59 0.0760.05 163.92
Jul 06 0.0460.03 36.01 0.1360.07 145.22 0.0560.03 127.19
Aug 06 0.0160.09 38.26 0.0360.06 189.74 20.0860.10 127.97
Sep 06 0.2960.05 45.16 0.2160.06 165.96 0.1460.03 124.09
Table 7. Carbon-specific growth rates (G), carbon-specific ingestion rates (I), carbon-specific respiration rates (R), GGE, AE, and
NGE of metazoan microzooplankton in the different experiments along a seasonal cycle. Expts, experiments.
Expts G (d21) 6SE I (d21) 6SE R (d21) 6SE GGE6SE AE6SE NGE6SE
Sep 05 — 0.8760.02 — — — —
Oct 05 0.2560.02 0.6660.01 — 0.3860.01 — —
Nov 05 0.1360.04 0.6460.03 0.2160.02 0.2160.05 0.5460.02 0.3960.02
Jan 06 0.1260.04 0.7160.06 0.1660.02 0.1660.04 0.3960.01 0.4260.01
Mar 06 0.4060.05 1.2360.04 — 0.3260.03 — —
Apr 06 0.2160.01 1.2460.09 — 0.1760.02 — —
May 06 0.2060.06 0.5760.05 0.3060.02 0.3460.08 0.8760.01 0.4060.01
Jun 06 0.1360.05 0.6460.08 — 0.1960.06 — —
Jul 06 0.0960.01 0.3960.01 — 0.2360.01 — —
Aug 06 0.0260.01 0.3160.01 0.3660.01 0.0660.05 * *
Sep 06 0.2460.04 0.8160.12 0.3360.01 0.3060.01 0.7060.01 0.4260.01
* Specific respiration rates exceed ingestion and efficiencies cannot be calculated.
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metazoans (Stoecker and Capuzzo 1990; but see Broglio et
al. 2004). Hence, although the biomass contribution of
protozoans to the diet may be very variable (Saiz and
Calbet in press), protozoans may be qualitatively important
in the metazoan microzooplankton diet because they are
able to fill the nutritional deficit created by feeding solely
on phytoplankton (Kleppel 1993).
Functional responses—The functional responses observed
in this study should be considered cautiously because of the
scarcity of data at high food concentrations. The saturating
food concentration (food concentration required for
achieving the maximal specific ingestion rate), when total
prey concentration is considered, was quite similar to that
observed for copepod nauplii in temperate coastal waters
when feeding on phytoplankton (, 240 mg C L21; Lo´pez et
al. 2007) and for Oithona davisae nauplii and copepodites
feeding on optimal prey (200–320 mg C L21; Almeda et al.
2010b). However, the saturating food concentrations
reported for calanoid developmental stages in laboratory
experiments are usually higher than those observed here ($
500 mg C L21; Berggreen et al. 1988). The in situ food
concentrations during our study period (Table 3) would be
insufficient to support the maximum ingestion rates of
metazoan microplankton found in the feeding experiments
(Fig. 6H). The maximum specific ingestion rates observed
in this study were lower than those commonly found for
calanoid nauplii in the laboratory but close to those
reported for Oithona spp. (Saiz and Calbet 2007; Almeda et
al. 2010b). These observations suggest that micrometazoans
are frequently food limited in nature, but the degree of food
limitation depends on taxonomic composition.
Growth, respiration, and carbon budget—Specific growth
rates of metazoan microplankton found in this study were
in the range reported for copepod developmental stages
and meroplanktonic larvae under different food concen-
tration and temperature regimes (Almeda et al. 2009,
2010a,b). Similar to the ingestion rates, the in situ food
concentrations during our study (Table 4) would be
insufficient to support the maximum growth rates observed
in the incubation experiments (Fig. 7), suggesting food-
limited growth of micrometazoans in nature. Specific
growth rates of metazoan microplankton were higher than
those commonly reported for mesozooplankton (copepods)
by the egg production method in Mediterranean waters
(Saiz et al. 2007). Therefore, ignoring micrometazoan
growth may result in an underestimation of secondary
production particularly in oligo-mesotrophic systems.
Carbon-specific respiration rates (d21) were similar to
those observed for copepod nauplii in the laboratory
(Ko¨ster et al. 2008; Almeda et al. in press). As expected,
temperature positively affected respiration rates and the
observed Q10 value was similar to that reported for
calanoid copepods (1.8–2.1; review in Ikeda et al. 2001).
The carbon-specific ingestion rates were enough to
compensate for the carbon respiratory losses of micro-
metazoans during all experiments, except in August 2006
(Table 7). The GGE of metazoan microplankton changed
according to food availability, temperature, and metazoan
composition, in agreement with previous reports of
laboratory experiments with copepod nauplii and mero-
planktonic larvae (Almeda et al. 2009, 2010b). Neverthe-
less, the general GGE of metazoan microplankton, as
estimated by the slope of the regression equation relating
specific ingestion rates vs. specific growth rates, was quite
similar to the values reported for copepods and mesozoo-
plankton in general (0.35; Mullin and Brooks 1970) but
slightly higher than observed for Oithona (0.21; Almeda et
al. 2010b) and the median values reported by Straile (1997)
for copepods (0.22). Hence, although the GGE of
metazooplankton may range between 0.20 and 0.40
depending on the species and stage composition, our
results support than an average value of 0.30 may be
assumed for detailing the carbon flow through metazoo-
plankton in marine planktonic food webs.
The AE of metazooplankton commonly ranges from
10% to close to 100%, depending on the species,
development stage, food quality, and food concentration
(Conover 1978). The AEs found in our study were in the
range expected for metazooplankton feeding in an omniv-
orous diet (Conover 1966). Previous studies had reported
that NGEs of zooplankton increase with increasing
temperature (Ikeda et al. 2001) and food concentration
(Vidal 1980). However, we found an almost constant NGE
kept despite the differences in temperature and food
availability. A possible explanation would be a similar
dependence on temperature and food availability of the
different physiological processes, resulting in a similar
Fig. 7. Effect of food concentration on specific growth rates
of metazoan microzooplankton. The line corresponds to the
function fitted to the data. r2 5 coefficient of determination.
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allocation of assimilated materials. Similar results have
been found in laboratory studies with O. davisae nauplii
(Almeda et al. in press). The NGE found in this study were
in the range of the common values reported for adult
copepods (0.29–0.61, Conover 1978; 0.21–0.54, Ikeda et al.
2001), indicating that metazoan microplankton exhibit
similar food conversion efficiency as compared to meso-
zooplankton (copepods) and an equivalent carbon transfer
efficiency to higher trophic levels.
Potential trophic effect of metazoan microplankton on
food web structure—The degree to which zooplankton
predation may regulate population of primary producers is
still a subject of debate. Some studies had reported that
phytoplankton can be controlled by the metazooplankton
grazing (Roman and Gauzens 1997), whereas others
indicate metazoans exert little grazing pressure on phyto-
plankton (, 5%; Broglio et al. 2004; Atienza et al. 2006b).
However, most of these studies excluded the micrometazo-
ans and consequently underestimated the trophic effect by
metazooplankton. The scarce studies including microme-
tazoans show a wide range of grazing effects, from low
(0.3–10%; Roman and Gauzens 1997; Calbet et al. 2009) to
high values (e.g., 23–54%, White and Roman 1992;
Lonsdale et al. 1996). In our study, the inclusion of
metazoan microplankton in the metazooplankton grazing
doubled the trophic effect considering only the mesozoo-
plankton community according to previous studies in the
same area (Broglio et al. 2004). However, even including
the micrometazoans, the grazing pressure by metazoo-
plankton was low in terms of reduction of standing stock of
phytoplankton (, 5%). On the other hand, the trophic
effect by the entire microzooplankton community ranged
from 9% to 97% for total Chl a and from 0% to 130% for
Chl a . 10 mm according to the dilution experiments
conducted simultaneously with the present study (Calbet et
al. 2008; Fig. 10). Therefore, the contribution of micro-
metazoans to the total grazing on phytoplankton is quite
low, and very likely protists must be the main organisms
responsible for the predatory pressure on primary produc-
ers in Mediterranean coastal waters, at least during some
seasons (Fig. 10). Some studies suggest that the effects of
micrometazoans grazing on phytoplankton may be medi-
ated mostly by their control of microzooplankton popula-
tions (Fessenden and Cowles 1994). However, our results
indicate that their grazing pressure on protozoans appeared
Fig. 8. Carbon-specific growth rates vs. carbon-specific ingestion rates of metazoan
microzooplankton. (A) Linear regression including all growth data. (B) Linear regression
including only growth rates of experiments dominated by copepod larvae (excluded data are
represented as empty circles).
Fig. 9. Effect of temperature on respiration rates of metazo-
an microzooplankton. The line corresponds to the function fitted
to the data. r2 5 coefficient of determination.
Trophic role of metazoan microplankton 427
to be modest in agreement with other previous studies for
mesozooplankton (Broglio et al. 2004). The low effect of
micrometazoans as compared to protozoans may be due to
both their lower biomass in the field (one or two orders of
magnitude in this study) and the lower specific ingestion
rates (Jacobson and Anderson 1993). It is important to
note that these estimations are based on the assumption of
homogenous distribution of predator and prey in the water
column, whereas patchiness in the distribution may results
in higher effects. This is the case of the study area during
summer, when metazoan microplankton are concentrated
at the surface, reaching concentrations of approximately
150 ind. L21 (R. Almeda unpubl.). Therefore, considering
this concentration, the trophic effect in this water layer
would be , 6.2% on total Chl a, , 10% on HNF, and ,
15% for ciliates and dinoflagellates. Although these grazing
effects are rather low or moderate in terms of reduction of
the standing stock, they are not irrelevant in terms of
production. Hence, detailed information on the fine-scale
vertical distribution is required to accurately interpret the
trophic role of metazoans. In summary, although the
trophic effect of metazoan microzooplankton might be
occasionally high, it seems insufficient to control either
phytoplankton or protozoan standing stock in NW
Mediterranean coastal waters.
Acknowledgments
We thank Dolors Vaque´, Nagore Sampedro, Albert Ren˜e´, and
Hassina Illoul for their help in the plankton identification. This
work was funded by the Spanish Ministry of Science and Inno-
vation (MICINN) through a Ph.D. fellowship (BES-2005-7491)
to R.A. and the research projects CTM2004-02775 to A.C.,
CTM2006-12344-C02-01/MAR and CTM2009-05476-E/MAR to
M.A., and CTM2007-60052 to E.S.
References
ALMEDA, R., M. ALCARAZ, A. CALBET, AND E. SAIZ. In press.
Metabolic rates and energy budget of the early developmental
stages of the marine cyclopoid copepod Oithona davisae.
Limnol. Oceanogr.
———, ———, ———, L. YEBRA, AND E. SAIZ. 2010a. Effect of
temperature and food concentration on survival, development
and growth rates of naupliar stages of Oithona davisae
(Copepoda, Cyclopoida). Mar. Ecol. Prog. Ser. 410: 97–109,
doi:10.3354/meps08625
———, C. B. AUGUSTIN, M. ALCARAZ, A. CALBET, AND E. SAIZ.
2010b. Feeding rates and gross growth efficiencies of larval
developmental stages of Oithona davisae (Copepoda, Cyclo-
poida). J. Exp. Mar. Biol. Ecol. 387: 24–35, doi:10.1016/
j.jembe.2010.03.002
———, T. M. PEDERSEN, H. H. JAKOBSEN, M. ALCARAZ, A.
CALBET, AND B. W. HANSEN. 2009. Feeding and growth
kinetics of the planktotrophic larvae of the spionid polychaete
Polydora ciliata (Johnston). J. Exp. Mar. Biol. Ecol. 382:
61–68, doi:10.1016/j.jembe.2009.09.017
ATIENZA, D., A. CALBET, E. SAIZ, M. ALCARAZ, AND I. TREPAT.
2006b. Trophic impact, metabolism, and biogeochemical role
of the marine cladoceran Penilia avirostris and the co-
dominant copepod Oithona nana in NW Mediterranean
coastal waters. Mar. Biol. 150: 221–235, doi:10.1007/s00227-
006-0351-z
———, E. SAIZ, AND A. CALBET. 2006a. Feeding ecology of the
marine cladoceran Penilia avirostris. Natural diet, daily ration
and prey selectivity. Mar. Ecol. Prog. Ser. 315: 211–220,
doi:10.3354/meps315211
BEERS, J. R., AND G. L. STEWART. 1970. Numerical abundance and
estimated biomass of microzooplankton. Bull. Scripps Inst.
Oceanogr. Tech. Ser. 17: 67–87.
BERGGREEN, U., B. HANSEN, AND T. KIØRBOE. 1988. Food size
spectra, ingestion and growth of the copepod Acartia tonsa
during development: Implications for determination of
copepod production. Mar. Biol. 99: 341–352, doi:10.1007/
BF02112126
BØRSHEIM, K. Y., AND G. BRATBAK. 1987. Cell volume to cell
carbon conversion factors for a bacterivorous Monas sp.
enriched from seawater. Mar. Ecol. Prog. Ser. 36: 171–175,
doi:10.3354/meps036171
BROGLIO, E., E. SAIZ, A. CALBET, I. TREPAT, AND M. ALCARAZ.
2004. Trophic impact and prey selection by crustacean
zooplankton on the microbial communities of an oligotrophic
coastal area (NW Mediterranean). Aquat. Microb. Ecol. 35:
65–78, doi:10.3354/ame035065
CALBET, A., M. ALCARAZ, E. SAIZ, M. ESTRADA, AND I. TREPAT.
1996. Planktonic herbivourous food webs in the Catalan Sea
(NW Mediterranean): Temporal variability and comparison
of indices of phyto-zooplankton coupling based in state
variables and rate processes. J. Plankton Res. 18: 2329–2347,
doi:10.1093/plankt/18.12.2329
Fig. 10. Contribution of protozoans and micrometazoans to
the trophic effect on Chl a total and . 10 mm. Trophic effect was
estimated as percentage of the chlorophyll standing stock removed
by grazing daily (% d21). Dilution experiments were conducted
simultaneously to the micrometazoan feeding experiments and
under similar incubation conditions.
428 Almeda et al.
———, D. ATIENZA, C. I. HENRIKSEN, E. SAIZ, AND T. R. ADEY.
2009. Zooplankton grazing in the Atlantic Ocean: A
latitudinal study. Deep-Sea Res. II 56: 954–963, doi:10.1016/
j.dsr2.2008.10.009
———, S. GARRIDO, E. SAIZ, A. ALCARAZ, AND C. M. DUARTE.
2001. Annual zooplankton succession in coastal NW Medi-
terranean waters: The importance of the smaller size fractions.
J. Plankton Res. 23: 319–331, doi:10.1093/plankt/23.3.319
———, AND M. R. LANDRY. 2004. Phytoplankton growth, micro-
zooplankton grazing, and carbon cycling in marine systems.
Limnol. Oceanogr. 49: 51–57, doi:10.4319/lo.2004.49.1.0051
———, AND E. SAIZ. 2005. The ciliate-copepod link in marine
ecosystems. Aquat. Microb. Ecol. 38: 157–165, doi:10.3354/
ame038157
———, AND oTHERS. 2008. Impact of micro- and nanograzers on
phytoplankton assessed by standard and size-fractionated
dilution grazing experiments. Aquat. Microb. Ecol. 50:
145–156, doi:10.3354/ame01171
CASTONGUAY, M., S. PLOURDE, D. ROBERT, J. A. RUNGE, AND L.
FORTIER. 2008. Copepod production drives recruitment in a
marine fish. Can. J. Fish. Aquat. Sci. 65: 1528–1531,
doi:10.1139/F08-126
CONOVER, R. J. 1966. Assimilation of organic matter by zoo-
plankton. Limnol. Oceanogr. 11: 338–345, doi:10.4319/lo.
1966.11.3.0338
———. 1978. Transformation of organic matter, p. 221–500. In
O. Kinne [ed.], Marine ecology. V. 4. Wiley.
———. 1982. Interrelations between microzooplankton and other
plankton organisms. Ann. Inst. Oceanogr. 58: 31–46.
FESSENDEN, L., AND T. J. COWLES. 1994. Copepod predation on
phagotrophic ciliates in Oregon coastal waters. Mar. Ecol.
Prog. Ser. 107: 103–111, doi:10.3354/meps107103
FOTEL, F. L., N. J. JENSEN, L. WITTRUP, AND B. W. HANSEN. 1999.
In situ and laboratory growth by a population of blue mussel
larvae (Mytilus edulis L.) from a Danish embayment, Knebel
Vig. J. Exp. Mar. Biol. Ecol. 233: 213–230, doi:10.1016/S0022-
0981(98)00136-1
FROST, B. W. 1972. Effects of size and concentration of food
particles on the feeding behaviour of the marine planktonic
copepod Calanus pacificus. Limnol. Oceanogr. 17: 805–815,
doi:10.4319/lo.1972.17.6.0805
GALLIENNE, C. P., AND D. B. ROBINS. 2001. Is Oithona the most
important copepod in the world’s oceans? J. Plankton Res. 23:
1421–1432, doi:10.1093/plankt/23.12.1421
HANSEN, B., AND K. W. OCKELMANN. 1991. Feeding behaviour in
larvae of the opistobranch Philine aperta I. Growth and
functional response at different developmental stages. Mar.
Biol. 111: 255–261, doi:10.1007/BF01319707
———, T. WERNBERG-MØLLER, AND L. WITTRUP. 1997. Particle
grazing efficiency and specific growth efficiency of the rotifer
Brachionus plicatilis (Muller). J. Exp. Mar. Biol. Ecol. 215:
217–233, doi:10.1016/S0022-0981(97)00053-1
HANSEN, B. W. 1999. Cohort growth of planktotrophic polychaete
larvae—are they food limited? Mar. Ecol. Prog. Ser. 178:
109–119, doi:10.3354/meps178109
HENRIKSEN, C. I., E. SAIZ, A. CALBET, AND B. W. HANSEN. 2007.
Feeding activity and swimming patterns of Acartia grani and
Oithona davisae nauplii in the presence of motile and non-
motile prey. Mar. Ecol. Prog. Ser. 331: 119–129, doi:10.3354/
meps331119
HOPCROFT, R. R., J. C. ROFF, AND F. P. CHAVEZ. 2001. Size
paradigms in copepod communities: A re-examination.
Hydrobiologia 453: 133–141, doi:10.1023/A:1013167917679
IKEDA, T., Y. KANNO, K. OZAKI, AND A. SHINADA. 2001. Metabolic
rates of epipelagic marine copepods as a function of body
mass and temperature. Mar. Biol. 139: 587–596.
JACOBSON, D. M., AND D. M. ANDERSON. 1993. Growth and
grazing rates of Protoperidinium hirobis (Abe), a thecate
heterotrophic dinoflagellate. J. Plankton Res. 15: 723–736,
doi:10.1093/plankt/15.7.723
KING, K. R. 1980. The population biology of the larvacean
Oikopleura dioica in enclosed water columns, p. 341–351. In
G. D. Grice and M. R. Reeve [eds.], Marine mesocosms.
Springer-Verlag.
KLEPPEL, G. S. 1993. On the diets of calanoid copepods. Mar.
Ecol. Prog. Ser. 99: 183–195, doi:10.3354/meps099183
———, D. FRAZEL, R. E. PEIPER, AND D. V. HOLLIDAY. 1988.
Natural diets of zooplankton off southern California. Mar.
Ecol. Prog. Ser. 49: 231–241, doi:10.3354/meps049231
KO¨STER, M., C. KRAUSE, AND G. A. PAFFENHO¨FER. 2008. Time-
series measurements of oxygen consumption of copepod
nauplii. Mar. Ecol. Prog. Ser. 353: 157–164, doi:10.3354/
meps07185
LANDRY, M. R. 1975. The relationship between temperature and
the development of life stages of the marine copepod Acartia
clausi Giesbr. Limnol. Oceanogr. 20: 854–857, doi:10.4319/
lo.1975.20.5.0854
———, AND R. P. HASSETT. 1982. Estimating the grazing impact
of marine microzooplankton. Mar. Biol. 67: 283–288,
doi:10.1007/BF00397668
LONSDALE, D. J., E. M. COSPER, AND M. DOALL. 1996. Effects of
zooplankton grazing on phytoplankton size-structure and
biomass in the Lower Hudson River Estuary. Estuaries 19:
874–889, doi:10.2307/1352304
LO´PEZ, E., L. VIESCA, AND R. ANADO´N. 2007. Seasonal variation in
abundance and feeding rates of the first stages of copepods in
a temperate sea. Mar. Ecol. Prog. Ser. 352: 161–175, doi:10.
3354/meps07111
LUCˆIC´, D., J. NJIRE, M. MOROVIC, R. PRECALI, D. FUKS, AND J.
BOLOTIN. 2003. Microzooplankton in the open waters of the
northern Adriatic Sea from 1990 to 1993: The importance of
copepod nauplii densities. Helgol. Mar. Res. 57: 73–81.
MENDEN-DEUER, S., AND E. J. LESSARD. 2000. Carbon to volume
relationships for dinoflagellates, diatoms, and other protist
plankton. Limnol. Oceanogr. 45: 569–579, doi:10.4319/
lo.2000.45.3.0569
MERRELL, J. R., AND D. K. STOECKER. 1998. Differential grazing
on protozoan microplankton by developmental stages of the
calanoid copepod Eurytemora affinis Poppe. J. Plankton Res.
20: 289–304, doi:10.1093/plankt/20.2.289
MULLIN, M. M., AND E. R. BROOKS. 1970. The effect of
concentration of food on body weight, cumulative ingestion,
and rate of growth of the marine copepod Calanus
helgolandicus. Limnol. Oceanogr. 15: 748–755, doi:10.4319/
lo.1970.15.5.0748
NEJSTGAARD, J. C., L. J. NAUSTVOLL, AND A. SAZHIN. 2001.
Correcting for underestimation of microzooplankton grazing
in bottle incubation experiments with mesozooplankton. Mar.
Ecol. Prog. Ser. 221: 59–75, doi:10.3354/meps221059
OMORI, M., AND T. IKEDA. 1984. Methods in marine zooplankton
ecology. Wiley.
PAFFENHO¨FER, G. A. 1998. Heterotrophic protozoa and small
metazoa: Feeding rates and prey-consumer interactions. J.
Plankton Res. 20: 121–133, doi:10.1093/plankt/20.1.121
PARSONS, T. R., Y. MAITA, AND C. M. LALLI. 1984. A manual of che-
mical and biological methods for seawater analysis. Pergamon.
PETERS, R. H., AND J. A. DOWNING. 1984. Empirical analysis of
zooplankton filtering and feeding rates. Limnol. Oceanogr.
29: 763–784, doi:10.4319/lo.1984.29.4.0763
PORTER, K. G., AND Y. S. FEIG. 1980. The use of DAPI for
identifying and counting aquatic microflora. Limnol. Ocean-
ogr. 25: 943–948, doi:10.4319/lo.1980.25.5.0943
Trophic role of metazoan microplankton 429
POULET, S. A. 1977. Grazing of marine copepod development
stages on naturally occurring particles. J. Fish Res. Board
Can. 34: 2381–2387.
PUTT, M., AND D. K. STOECKER. 1989. An experimentally
determined carbon : volume ratio for marine ‘‘oligotrichous’’
ciliates from estuarine and coastal waters. Limnol. Oceanogr.
34: 1097–1103, doi:10.4319/lo.1989.34.6.1097
ROMAN, M. R., AND A. L. GAUZENS. 1997. Copepod grazing in the
equatorial Pacific. Limnol. Oceanogr. 42: 623–634,
doi:10.4319/lo.1997.42.4.0623
SAIZ, E., AND A. CALBET. 2007. Scaling of feeding in marine cala-
noid copepods. Limnol. Oceanogr. 52: 668–675, doi:10.4319/
lo.2007.52.2.0668
———, AND ———. In press. Copepod feeding in the ocean:
Scaling patterns, composition of their diet and the bias of
estimates due to microzooplankton grazing during incuba-
tions. Hydrobiologia, doi:10.1007/s10750-010-0421-6
———, ———, D. ATIENZA, AND M. ALCARAZ. 2007. Feeding and
production of zooplankton in the Catalan Sea, northwestern
Mediterranean. Prog. Oceanogr. 74: 313–328, doi:10.1016/
j.pocean.2007.04.004
———, ———, AND E. BROGLIO. 2003. Effects of small-scale
turbulence on copepods: The case of Oithona davisae. Limnol.
Oceanogr. 48: 1304–1311, doi:10.4319/lo.2003.48.3.1304
SIEBURTH, J. M., V. SMETACEK, AND J. LENZ. 1978. Pelagic
ecosystem structure: Heterotrophic compartments of the
plankton and their relationships to plankton size fractions.
Limnol. Oceanogr. 23: 1256–1263, doi:10.4319/lo.1978.
23.6.1256
STARR, M., J. H. HIMMELMAN, AND J. C. THERRIAULT. 1990. Direct
coupling of marine invertebrate spawning with phytoplankton
blooms. Science 247: 1071–1074, doi:10.1126/science.
247.4946.1071
STOECKER, D. K., AND J. CAPUZZO. 1990. Predation on protozoa:
Its importance to zooplankton. J. Plankton Res. 12: 891–908,
doi:10.1093/plankt/12.5.891
STRAILE, D. 1997. Gross growth efficiencies of protozoan and
metazoan zooplankton and their dependence on food concen-
tration, predator–prey weight ratio, and taxonomic group.
Limnol. Oceanogr. 42: 1375–1385, doi:10.4319/lo.1997.42.6.
1375
TURNER, J. T. 2004. The importance of small planktonic copepods
and their roles in pelagic marine food webs. Zool. Stud. 43:
255–266.
———, H. LEVINSEN, T. G. NIELSEN, AND B. W. HANSEN. 2001.
Zooplankton feeding ecology: Grazing on phytoplankton and
predation on protozoans by copepod and barnacle nauplii in
Disko Bay, West Greenland. Mar. Ecol. Prog. Ser. 221:
209–219, doi:10.3354/meps221209
———, AND J. C. ROFF. 1993. Trophic levels and trophospecies in
marine plankton: Lessons from the microbial food web. Mar.
Microb. Food Webs 7: 225–248.
———, AND P. A. TESTER. 1992. Zooplankton feeding ecology:
Bacterivory by metazoan microzooplankton. J. Exp. Biol.
160: 149–167, doi:10.1016/0022-0981(92)90235-3
UITTO, A. 1996. Summertime herbivory of coastal mesozooplank-
ton and metazoan microplankton in the northern Baltic. Mar.
Ecol. Prog. Ser. 132: 47–56, doi:10.3354/meps132047
UYE, S. I., AND S. KASAHARA. 1983. Grazing of various
developmental stages of Pseudodiaptomus marinus (Copepo-
da: Calanoida) on naturally occurring particles. Bull. Plank-
ton Soc. Jpn. 30: 147–158.
VERITY, P. G., AND C. LANGDON. 1984. Relationships between
lorica volume, carbon, nitrogen, and ATP content of
tintinnids in Narragansett Bay. J. Plankton Res. 6: 859–868,
doi:10.1093/plankt/6.5.859
VIDAL, J. 1980. Physioecology of zooplankton. IV. Effects of
phytoplankton concentration, temperature, and body size on
the net production efficiency of Calanus pacificus. Mar. Biol.
56: 203–211, doi:10.1007/BF00645344
WHITE, J. R., AND M. R. ROMAN. 1992. Seasonal study of grazing
by metazoan zooplankton in the mesohaline Chesapeake Bay.
Mar. Ecol. Prog. Ser. 86: 251–261, doi:10.3354/meps086251
ZERVOUDAKI, S., AND oTHERS. 2007. The importance of small-sized
copepods in a frontal area of the Aegean Sea. J. Plankton Res.
29: 317–338, doi:10.1093/plankt/fbm018
Associate editor: Thomas Kiørboe
Received: 31 July 2010
Accepted: 25 October 2010
Amended: 22 November 2010
430 Almeda et al.
